This article is the second of a series of three papers concerning monitoring of filament wound cylinders using Bragg gratings. In this second part, the tooling presented in Part I is used to embed gratings and thermocouples in filament wound glass reinforced epoxy composite cylinders during fabrication. Bragg grating strain was obtained from wavelength and temperature response, by a calibration technique described here. Results from tests on five cylinders show the Bragg grating's capability to monitor strain evolution during fabrication, and the capacity to detect several phenomena occurring during cure is established, in addition to quantifying the initial material condition of the cylinder before it enters service.
Introduction
Composite cylinders are very attractive for replacing metallic cylinders where corrosion resistance and light weight are at a premium, notably for underwater applications. The initial material condition is important and its characterization must be made during the curing stage because at this time residual stresses or strains are generated. These stresses and strains contribute to defect formation, which can be present in the material even before service. These defects are present in the form of internal delaminations [1] and fiber distortion [2] . One way which has been explored for monitoring the fabrication process of composites is the use of strain and temperature sensors embedded in the material. In filament wound composites, the fabrication process implies maintaining the composite in continuous rotation, so data acquisition is difficult. In recent years optical fiber based sensors, such as Bragg gratings, have been increasingly used for in situ strain and temperature monitoring. They produce a minimum host material perturbation [3] [4] , are compatible with the host material [5] , and have been reported to be easy to embed in composite plates [6] . To adapt this kind of instrumentation to the filament winding process, it is first necessary to develop a technique for fiber optic placement during winding, and next to have an interface between sensors (rotating with the piece) and the sensor interrogating instruments, which are stationary; this has been achieved, as explained in the companion paper (see Part I). The initial material condition is evaluated in this second part, by measuring strain and temperature evolution during fabrication. In order to do this, embedded instrumentation is used, including Bragg gratings and thermocouples according to a methodology presented in Part I. Monitoring tests have been performed, on five nominally identical cylinders, in order to measure both strain and temperature (axial and circumferential strain) throughout the fabrication process. These experiments enable characteristic points in the process to be identified and residual strain in the composite cylinder to be measured, making it possible to obtain experimental mean strain values for the initial material condition. As noted in Part I, there are very few published papers on the monitoring of the fabrication process in filament wound cylinders. Stringer et al [2] used embedded Bragg gratings for measuring residual strains, by collecting data -only before and after fabrication -using strain gages and piezo-electric sensors, both embedded. References [7] [8] [9] describe in-service monitoring. Fabrication monitoring has received less attention, Lee et al [10] monitored cure of thick cylinders using thermocouples, but no papers have been found which report studies of the strain and temperature monitoring during fabrication of rotating filament wound cylinders using fiber optic Bragg gratings.
Specimen characteristics and fabrication process
The cylinders used in this research are thin-walled, having a thickness of 4.42 mm, the reinforcement fiber is continuous E-glass roving (1200 tex), with a 3.5mm width. The winding has a pattern of 1 or 5 rhomboids (2 and 3 specimens respectively) in the circumferential direction. The final length of 350mm was obtained by a machining operation, in order to test the cylinder in a hyperbaric chamber (see Part III). The number of layers s 7. At both ends of the cylinder there are zones of reinforcing fibers, with an angle of 90° to the cylinder axis. Composite cylinders were fabricated by the filament winding process; a detailed explanation of this can be found in Part I and in [11] . The fiber orientation has an angle of ±55° to the cylinder long axis, which is a classical winding angle used for pressure vessels where circumferential stress is twice the axial stress. The matrix system is a mixture of Araldite LY 5052 epoxy and hardener HY 5052. The theoretical curing cycle begins with a ramp of 3°C per minute for 10 minutes. At 50°C the temperature is maintained constant for 900 minutes, next a cooling ramp of 1°C per minute is applied until 40°C where the oven cycle finishes.
For instrumenting composite cylinders with thermocouples and optical fiber sensors such as Bragg gratings, a special mandrel and a winding machine rotary -static cable interface were designed, as explained in the companion paper (see Part I) and detailed information can be found in [12] and [13] .
Instrumentation characteristics
Bragg grating sensors for strain measurement in this research have a nominal Bragg wave length between 1530 and 1550 nm. The Bragg grating length is 10 mm and is it is uniformly inscribed by UV with a phase mask and apodization in a 125 m diameter optical fiber having a polyacrylate coating (SMF-28e ® ). It is used to measure a mean strain value over the sensor length. Thermocouples are of K type with 250 m diameter and glass fiber coating. Optical fibers containing Bragg gratings are aligned in the axial and circumferential cylinder directions, and a thermocouple is placed next to each Bragg grating. The Bragg grating is a periodical refraction index variation in the optical fiber core, over a finite length, working as a series of optical mirrors. The refraction index period is called the grating period and when the grating is reached by a luminescent signal, the reflected portion is in a very narrow band having a central wavelength called Bragg wavelength  B . Temperature variation T, and longitudinal strain  all produce a wavelength shift  B ; the simplified grating behavior can be written as equation 1: with a B , and b B being the sensitivities to temperature, strain respectively.
The grating response to hydrostatic pressure is neglected in many applications, because the temperature and strain responses are much more important (Kang [9] ), and also Bragg gratings are embedded in the material exposed to shell strains and not to hydrostatic pressure (see Part III). To decouple strain and temperature responses, the technique used here is to characterize the thermo-optical sensor response in an initial step, before it is embedded in the material. Once the thermal response is known, the strain can be obtained.
The sensor response (total wave length shift   ) is the sum of the thermal wavelength shift  T (first term of the right side in eq. 1) and the strain wavelength shift   (second term of the right side in eq. 1), these wavelength shift contributions can be expressed in terms of absolute wavelength components, as expressed in equation 2.
where (T) can be expressed by equation 3 as:
where:  0 is the absolute wavelength when the sensor is free of strain, and is exposed to temperature T 0 ;  reading is the absolute wavelength, indicated by the interrogation instrument at any sensor condition;  is the absolute wavelength indicated when only a T-T 0 temperature variation is imposed. Equation 3 represents the theoretical sensor response in the presence of only a temperature change, and can be substituted by an equation obtained experimentally. The fiber axial strain can be extracted from the absolute wavelength read from the interrogator instrument (Micron Optics SI 425), using equation 4:
The temperature calibration technique consisted of placing each grating in a recipient containing water. Gratings were installed free of constraint so they only react to temperature change. The recipient was heated slowly in order to conserve quasi static conditions. Absolute grating wavelength response was registered at regular intervals from 20°C (room temperature) to 100°C (approximately, 1 reading per °C). This calibration in temperature showed a linear response (as previously stated theoretically in equation 7) so a linear regression was obtained for each grating, having the form of equation 5: Table 1 shows the values of "m  ", "b  " and "a" for each grating. It can be seen that the thermo-optic coefficient a has a mean value about 6.66.10 -6 /°C, and the thermal sensitivity has a value of about 10.287 pm/°C. This agrees with published values [14] of between 10.18 and 10.29 pm/°C. Caucheteur et al [15] obtained thermal sensitivities between 10.12 to 10.52 pm/°C, for 1534 nm Bragg wavelength gratings. Fiber axial strain can be readily obtained using the constants shown in Table 1 and the absolute wavelength reading, using equation 6:
Results and analysis
Tests were performed to measure in situ strain and temperature during the winding and cure of six cylinders. All but one had one axial and one circumferential Bragg grating were placed over the first filament winding ply. The first test (cylinder number 11, had only one Bragg grating in the circumferential direction [13] . Cylinder number 32 had two Bragg gratings, but only one optical channel functioned during testing. During testing of cylinder 34 data acquisition was performed manually, for all the others continuous recording was used.
Results are presented and analyzed according to four aspects: temperature vs. time; strain vs. time; axial and circumferential strain vs. temperature (thermo-elastic response), axial and circumferential strain vs. time during winding. As an illustration, experimental curves from cylinder 36 are used as an example of a typical test. From these results several events in the manufacturing process have been identified, which can be grouped in two classes: first, points limiting the different phases and second, points where material transformations occurred (limit of a material behavior). The corresponding explanation is presented in Table 2 , and the experimental values are shown in Table 3 . From these data, curves (with average values) are obtained, in order to illustrate a generic behavior, and they are presented and explained in parallel with the typical test curves.
Thermocouple temperature response
In figure 1a , the experimental temperature response from cylinder 36 is presented. Two curves are plotted: one from the thermocouple placed beside the axial Bragg grating, and the second from the thermocouple next to the circumferential Bragg grating. Measured temperature curves show, in the first segment (winding phase), a temperature change, which is due to a raise in ambient temperature. In the next segment (curing cycle) the temperature follows the ideal curing cycle. The only difference is in the plateau segment. Due to the precision in oven control, the measured response lies between 55°C and 60°C instead of 50°C (the theoretical cure temperature). In figure 1b, the mean temperature is plotted, constructed from the characteristic points. Making the comparison, one can observe a similar form between individual and mean curves. It may also be noted that mean values obtained from both sensors are almost the same, indicating no significant variation of temperature related to sensor position.
Bragg grating strain response
Individual and mean strain curves are also similar. In figure 2a, axial and circumferential strains from optical sensors in one cylinder are plotted, a difference between the strains is observed. In the winding phase (segment 1-2), strains show a wavy behavior due to optical fiber manipulation during winding (explained later in this article), but during curing this wavy behavior disappears. Strain values at the end of the winding phase are almost zero, as the resin is still liquid and there is no bond between the resin and the optical fiber, so the Bragg grating is only exposed to thermal loads. At the beginning of the curing cycle, both strains climb as the temperature rises during curing cycle heating, this behavior corroborates the fact that during the test, the start of polymerization was noted at the end of the winding phase. A characteristic point is observed before the end of the warm up phase (point "a"), where axial strain changes from a positive slope to negative, even though the heating phase
is not yet finished, this indicates the beginning of a material transformation. This point coincides with the gel of the resin system used (58 °C) (Ioualalen [16] ). The circumferential strain does not indicate this characteristic point and circumferential strain follows the temperature. It may be noted here, that the composite cylinder over the mandrel is free of constraint in the axial direction. Nevertheless in the circumferential direction, the composite must follow the mandrel expansion during heating, this may be the reason why the characteristic point "a" is not detected by circumferential strain. Another characteristic behavior is that during the constant temperature phase in the curing cycle (segment 5-6), axial strain decreases to zero, while circumferential strain remains almost constant, this behavior indicates a transformation within the material (axial strain release), which is related to the polymerization process. During the cooling phase (segment 6-7) both strains follows the temperature, and one can suppose that polymerization has finished and strain evolution is due to thermo-elastic behavior. After the curing cycle, strain values are not zero, which indicates the presence of residual strains within the material. In the axial direction, specimens undergo a contraction (negative strain values) while in the circumferential direction positive values indicate an expansion. The latter may be related to mandrel expansion, because composite circumferential elongation is imposed by mandrel expansion. In figure 2b , the mean values of axial and circumferential strains from characteristic points are plotted, and the resulting curves have the same shape as the experimental curves shown in figure 2a. This suggests that this behavior is "generic", common to all specimens.
Bragg grating strain response vs. thermocouple temperature
From the previous analysis (temperature and strain evolution), some segments with a correspondence between strain and temperature were observed, but it cannot be established whether this "proportionality" is related to composite thermo-elastic response or material transformations. To clarify this, in figure 3a, experimental axial strain response are presented versus thermocouple temperature. During the winding phase (segment 1-2) and at the beginning of the curing cycle (immediately after point 4), there is no relationship between strain and temperature, but after point "a", an almost linear relationship between axial strain and temperature is clearly observed until point "b" where proportionality is lost. In this part (segment a-b) it a thermoelastic behavior can be assumed. Then during heating (segment b-c), a material transformation takes place because the proportionality between axial strain and temperature no longer exists, axial strain decreases even though temperature continues to climb, and also because this point is located at a temperature of 58 °C which is close to the gel temperature of the resin system (Ioualalen [16] ). After point "c", proportionality between axial strain and temperature is re-established, and again a thermo-elastic response is observed.
Beyond point "c", one can assume that polymerization has finished and the composite cylinder reacts as a completely solid material. In figure 3b , the mean axial strain values from characteristic points are plotted versus mean temperature values. Here again the same behavior is noted, indicating that this is a generic response.
In both figures (3a and 3b), two trajectories can be clearly seen, the heating path (segment a-b) and the cooling down path (segment c-7), both are joined by a phase where material transformation occurs (segment b-c). In both trajectories, there is a thermo elastic response.
If there was no material transformation (no change in thermo mechanical properties), both trajectories would be part of the same straight line. However between both trajectories, a part of the curve reveals no proportionality between strain and temperature. This is clear evidence of a transformation, and shows the capability of the embedded optical sensors to detect material transformation events. In figure 3a , during cooling down, there is a step in the curve at about 47 °C. This step marks the limit of two slopes. The first slope (to the right of the step) is the thermo elastic contraction in cooling down of the coupled system composed by the composite cylinder and the mandrel. Beyond the step, the thermo elastic response is solely due to the composite cylinder. This step corresponds to the instant where mechanical fretting between mandrel and composite cylinder disappears, and they react in separate ways. Figure 4a presents the experimental circumferential strain versus temperature. The curve shape is similar to the axial strain versus temperature curve. It has the two paths (heating and cooling down), but the separation between them is about 100 , which is less than in the axial strain case (500 . In figure 4b , the mean circumferential strain values are plotted versus mean temperature values. In this figure, both paths are superposed and no separation in strain is noted. This is because circumferential strain scatter is of the same order of magnitude as the difference between heating and cooling down paths.
Event detection during winding
The scale of figure 2a is not convenient for the strain response analysis during the winding stage. Figure 5 is an appropriate zoom to present the circumferential strain evolution during winding of specimen number 36. This zoom transforms the rather noisy behavior shown in figure 2a into a record of the winding process history, where the most important events occurring during winding are recorded. The number and period of the waves correspond to the individual layers and indicate the time spent for the fiber placement.
Analyzing axial and circumferential strains of specimen 36 is performed using figure 5 . The strain signal on the first segment, where no waviness is observed (here for 65 minutes), coincides with the first layer winding because obviously the sensors are not placed yet and they are free of constraint. At the beginning of the second layer winding, the sensors are placed on the first layer surface and are subsequently covered by the second layer (see sensor responses in figure 5 during 2 nd layer winding). The total number of layers is seven and because during the first layer winding there is no signal variation, the number of weaves left corresponds to the layers after sensor placement. Once all layers are wound, a sequence of two over-windings on the cylinder extremities, having a 90° angle is commanded, this corresponds to the last part of the strain response. All these events are indicated in figure 5 . The signal amplitude reduces as the number of layers grows because the distance between the sensor and the cylinder surface grows each time a layer is placed. The events explained in this subsection clearly demonstrate the sensibitivity of Bragg gratings to detect process parameters such as the number of layers placed and time taken by those events, enabling them to be checked and recorded.
Residual strains
Strains at point 7 (see Table 3 ) can be considered to be residual. Each one was measured at a slightly different temperature, because ambient temperature was different at the end of each test. To make a comparison between the cylinders, a reference temperature must be adopted. For this, an extrapolation was carried out to estimate all strains at 21°C. This temperature was chosen because it is the temperature at which the laboratory clean room is maintained for cylinder storage. For specimens for which no experimental value of thermal expansion coefficient (cooling down slope) was identified, this mean value was applied. The extrapolated values for each specimen are shown in Table 3 .
The mean value of axial residual strain is -995 , and for the circumferential direction it is 134  , without taking into account the first test (specimen -11), because it was made using a PVC mandrel with a slight ovality. It can be stated that the absolute residual strain value in the axial direction is higher than the circumferential value, with an opposite sign. Axial residual strain indicates a contraction while circumferential indicates an expansion. These residual strain values are obtained for cylinders which have a diameter to thickness ratio of 28.4 (thin walled section), so it may be supposed that they have similar residual strains in the outer layers (small residual bending moment).
Thick walled cylinders, tested by Casari et al. [17] and having a diameter vs. thickness ratio of 8.5, were measured using strain gauges to have inner surface residual strains in the axial direction of about -79 , and -600  in circumferential direction. At the outer surface 60  and 500  values were measured. Here, there is a difference of about 1100  in the circumferential direction, which indicates an important bending moment. However, comparison between results obtained in this work and results obtained by [17] must be made with caution because the difference in diameter to thickness ratios is important, over 300 %.
Spectral observations
At different times during the fabrication process, spectral recordings were made, using an optical spectrum analyzer Micron Optics SI 425, in order to see if changes within the material had an influence on the Bragg grating spectral response. In figure 6 , spectra before winding and after curing of the specimen 36 are presented, where it can be observed that the shape is not altered.
Conclusion and perspectives
The results presented here show that the integration of Bragg grating sensors during winding and curing for process monitoring of cylinder fabrication is a useful technique, enabling mean strain and temperature evolution within the material to be measured. Information acquired by in situ sensors can allow detection of different phenomena during winding and curing, providing a unique method for quality control. It allows the initial material state (residual strains) to be characterized, in a manner that can not be performed by classical instrumentation techniques. Significant axial residual strain values have been measured, which must be taken into account in cylinder design and stress analysis. The technique used here for in-situ strain and temperature monitoring can be readily applied to other composite systems more sensitive to residual strains. This makes in-situ fiber optic instrumentation a valuable tool to record the historical evolution of cylinder response, in terms of strain and temperature during fabrication. In addition, embedded sensors remain inside the material over the lifetime of the cylinder, so they can be interrogated at any time during service, until final failure as will be presented in Part III. 
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